Foraminiferal species distribution and richness have traditionally been assessed through examination of the shells (tests) built by most of the described species, but molecular surveys indicate that this approach likely underestimates true foraminiferal diversity. We use a series of targeted DNA-based surveys and focused morphological searches to document the diversity of allogromiid foraminiferans, which have less distinctive tests, at selected locations along the U.S. eastern seaboard. These sites, although well studied by previous foraminiferal researchers, have not been reported to host large numbers or diverse assemblages of allogromiids. Both survey methods revealed the presence of many new allogromiid taxa and documented striking differences in the allogromiid assemblages between the three locations. The assemblage at a given site as determined by morphological criteria also differed substantially from that determined by molecular surveys. Combined with information from other locales, our data strongly suggest that allogromiid diversity is underestimated; indeed, allogromiids may actually dominate many benthic foraminiferal assemblages. This finding has significant implications for benthic trophodynamics and for the reconstruction of paleoenvironments because the morphological inconspicuousness and taphonomic fragility of allogromiid foraminiferans may lead to underestimates of total foraminiferal diversity and abundance.
The Foraminifera, a group of protists well known for their morphologically sophisticated shells or ''tests,'' are common in benthic settings worldwide, often representing a large proportion of total benthic biomass (Gooday et al. 2005) . The distinctiveness and taphonomic robustness of mineralized foraminiferal tests make them useful index fossils for stratigraphy. Because foraminiferan assemblages exhibit distinct ecological zonation, these organisms are also favored for ecological studies of both modern and ancient settings.
In recent years, there has been an increasing appreciation for the diversity and ecological role of the so-called allogromiid (sensu lato) foraminiferans. Unlike their multichambered relatives, most allogromiids construct single-chambered tests with tube or sphere morphologies, composed either of agglutinated sediment grains or of organic materials. A few allogromiid species, such as the freshwater species Reticulomyxa filosa, do not construct tests at all, being sheathed only in a thickened glycocalyx. Allogromiids in this sense are not a true taxon; rather, they make up a paraphyletic group that includes the earliestevolving foraminiferal lineages as well as the closest living relatives of important multichambered foraminiferal orders such as the Rotaliida and the Miliolida. (This usage of the term ''allogromiid'' was developed at the First International Workgroup on Allogromiid Foraminifera in 2000; Cedhagen et al. 2002 .) The major allogromiid lineages are thought to have diverged in the Proterozoic or the earliest Phanerozoic .
Modern allogromiids are generally regarded as the surviving representatives of early-evolving, ''primitive'' foraminiferal lineages and are not as thoroughly studied as are the more conspicuous forms with mineralized tests. It is known that allogromiids have extremely diverse trophic strategies (reviewed in Lipps 1983) , including efficient predation on metazoans, and are likely to be important in nutrient cycling and benthic population dynamics (Bernhard and Bowser 1993) . A comprehensive understanding of the role of foraminiferans in the oceans requires an accurate assessment of the abundance and diversity of allogromiids.
Low-latitude allogromiids: Missing or hidden?-Although allogromiids have varied life strategies, most studies report them as only a small proportion of total foraminiferal biodiversity except in cold and/or oligohaline environments (e.g., Snider et al. 1984; Levin 1991; Korsun 2002) . For example, one issue of the Journal of Foraminiferal Research (January 2006) includes five reports on modern foraminiferal assemblages at various locales. Of the 125 genera that could be identified in these studies, only five were allogromiid taxa. Many surveys of foraminiferal species list no allogromiids at all.
Why do allogromiids appear to be relatively rare in warm-water marine sites? One hypothesis is that the mineralized tests found in the later-evolving groups confer a selective advantage in feeding or other life functions. These structurally complex tests may be calcareous or agglutinated, but they almost always have a significant calcium carbonate component. Calcification in foraminiferans is dependent on the local carbonate concentration (Lea et al. 1995) , which is influenced by temperature and salinity. Marine environments that disfavor calcification generally have fewer calcareous species and tend to contain larger numbers of identifiable allogromiids (Murray 1971; Hallock et al. 1991; . In this view, the structurally simpler allogromiids would be competitive only in regions where most of the calcareous species cannot efficiently build tests.
A competing hypothesis is that allogromiids are actually abundant in low-latitude environments but are generally not identified in surveys. Initial molecular environmental studies hinted that the low-latitude freshwater benthos is rich in undiscovered allogromiid species. Even in some high-latitude environments where allogromiids are the dominant foraminiferans, total foraminiferal diversity appears to be significantly underestimated. Screens of environmental DNA (deoxyribonucleic acid) from such settings (Habura et al. 2004a) showed that most recovered foraminiferal phylotypes could not be associated with any morphologically identifiable cells and that almost all these ''cryptic phylotypes'' were allogromiids.
In order to test this ''cryptic allogromiid'' hypothesis, we conducted a morphologic and molecular survey of lowlatitude intertidal and neritic sites with substantially different identifiable foraminiferal assemblages. These sites, Sippewissett, Sapelo Island, and Long Key, were chosen to represent three adjacent foraminiferal ''provinces'' (respectively, the Atlantic Northern Inner Shelf Province, Atlantic Southern Shelf Province, and Caribbean Province; Culver and Buzas 1980) of the North American Atlantic coast. All sites have been the subject of intensive study by foraminiferologists over the past several decades, providing a useful baseline for our survey of allogromiid diversity.
In conducting morphological searches specifically for allogromiids, we discovered that several apparently novel allogromiid morphotypes could be identified at each of the sites investigated. The parallel molecular surveys showed that allogromiids constitute a majority of the foraminiferal molecular assemblage in almost all locales and that the most common allogromiids at any site cannot yet be readily detected by morphological criteria.
Methods
Identification and classification of allogromiids-Traditional morphological characters, such as the shape and composition of the test, do not generally correspond to molecular phylogenies of allogromiid taxa . Even individual allogromiid genera such as Bathysiphon and Crithionina are obviously polyphyletic in molecular analyses, a circumstance that generally does not hold true for the multichambered taxa. For these reasons, we have been conservative in assigning newly identified allogromiids to known taxa. We associate new allogromiids with existing genera only if they share accepted morphological apomorphies, such as the formation of a distinctive rosette of secondary pores in the test during gametogenesis, and are clearly related in molecular phylogenies. In order to prevent premature introduction of new Linnean names into the literature, we have chosen to refer to new allogromiids by informal names based on their gross morphology and site of collection. These species will be fully described elsewhere.
For higher-level classification of new phylotypes, we employ a ''clade-based'' method that uses phylogeny as estimated from small-subunit ribosomal DNA (SSU rDNA) data. Groups of allogromiid species have been identified ) that tend to form stable clades in SSU phylogenies. Members of individual clades also show sequence conservation of a diagnostic insert in the SSU rDNA . These clades have proven to be reasonably robust over time Bernhard et al. 2006 ), although they are not considered formal taxonomic ranks. At present, the allogromiid clades are identified by the use of index letters (see Table 1 ).
Sites-Sampling was conducted at four points along the U.S. East Coast. Samples were taken from multiple settings at each of the three major study sites (Long Key, Florida; Sapelo Island, Georgia; and the Sippewissett marshes, Massachusetts). At the Long Key site, samples of reef Foraminifera were taken by harvesting coral rubble, brushing rigorously into filtered seawater, and returning the rubble to the reef site. In addition, phytal substrates (algae, seagrass, mangrove prop root encrusters, and so on) were harvested, as was unconsolidated sediment. In the Sapelo and Sippewissett salt marsh environs, samples constituted high-, middle-, and low-marsh or mudflat sediment as well as hard substrates such as detrital shells, halophyte stalks, and anthropogenic structures such as dock pilings. Mudflat samples, used for morphological identification only, were also collected at Scarborough, Maine (North Atlantic Inner Shelf Province). A summary of collection sites is provided in Table 2 .
Sample processing for morphologic identification-Sediment samples were mixed with several volumes of isohaline seawater and passed through an 850-mm sieve to remove large pieces of plant material and larger metazoans. The material was then washed over a 125-mm or 63-mm sieve, and the residue was inspected under a dissecting microscope. Hard substrates such as detrital oyster shells and halophyte stalks were examined directly, without additional processing.
Cells tentatively identified as allogromiids were isolated, gently cleaned with a small artist's brush, and placed in filtered seawater for observation. The extension of reticulopodia (the morphological synapomorphy of the Foraminifera; see Travis and Bowser 2002) by the isolated cell was taken as proof that the organism was both alive and a foraminiferan. Positively identified cells were photographed and then fixed in either glutaraldehyde for electron microscopy or preserved in RNALater (Ambion) or ethanol for DNA extraction and sequencing.
SSU rDNA amplification and sequencing of isolated cells and environmental extracts-DNA was obtained from cleaned, preserved cells with the DNEasy Plant Mini Kit (Qiagen) or with deoxycholate extraction (Pawlowski 2000) . Environmental extracts, such as sediment samples and halophyte scrubbings, were processed as described previously (Habura et al. 2004a) . A total of 95 environmental extracts were prepared in the course of this study. For each site, small amounts of the environmental extracts were pooled to create a template representative of overall DNA abundance at that locale. In addition, two individual sediment isolates from Sapelo Island and one from Long Key were used as templates for smaller clone libraries.
For each sample, a diagnostic ,880-base-pair region of the SSU rDNA was amplified using the primers s14F3a, s14F1, s20r, and B (Pawlowski et al. 2000) , which allow efficient amplification of foraminiferal DNA but not other eukaryotes. These primers target regions of Domain III of the SSU rDNA that are invariant in foraminiferans. In a previous study (Bernhard et al. 2006) , these primers amplified allogromiid and nonallogromiid foraminiferal sequences from sediment samples in an unbiased manner. Some sediment extracts were also used as templates for primers specific for new phylotypes isolated during this study. These primer pairs are Keys10F (CAAAGTAGCC-TTGGCGTCCGT), Keys10R (GCATCACGCTTCCTC-GGTTAAAAG), gam-24F (GGCGATTGTGGTTTCT-CCCTCG), and gam-24R (CAGTGACCGAGTGGTGT-AAC).
Polymerase chain reactions (PCRs) were performed on a Techne Genius thermocycler using TaKaRa proofreading ExTaq premix with cycle parameters as described previously (Habura et al. 2004a ). Products were analyzed by gel electrophoresis, cloned into pGEM-T Easy vectors (Promega), and replicated in Escherichia coli strain JM109. Individual clones were purified with the SpinPrep mini kit (Qiagen), and multiple clones for each product were sequenced in both directions using primers M13 and M13 reverse on a PE-Biosystems ABI PRISM 377XL automated DNA sequencer. At least six clones were analyzed for each cell extract and for the species-specific environmental amplifications. One hundred clones were sequenced from each of the pooled environmental samples.
Amplifications from isolated cellular extracts were checked for homogeneity; any extract that did not produce a homogenous population of foraminiferal SSU rDNA amplimers was discarded. Environmental clone sequences were checked for chimerism by comparison with a 200-species foraminiferal alignment and by individual submission of several regions of the sequence to Basic Local Alignment Search Tool search; all chimeric and nonforaminiferal sequences were discarded. The remaining sequences were arranged into groups based on sequence identity; sequences with .1% sequence diversity were placed into separate phylotypes. A representative clone Table 1 . Group identification for foraminiferal species. In most analyses, the allogromiids fall into 13 clades (designated here by letters), each of which encompasses a considerable amount of morphologic variation. The names of representatives of three major multichambered foraminiferal orders (the Miliolida and the sister orders Rotaliida and Textulariida) are provided for reference. For more details, see Pawlowski et al. (2002) .
Clade
Representative species
Peneroplis planatus Rotaliid Elphidium williamsonii Textulariid Ammobaculites sp. for each group was designated and used for subsequent phylogenetic analyses. Sequences from this study have been deposited in GenBank (accession numbers EU213204-EU213260).
Sequence alignment and phylogenetic analyses-Sequences were added to an existing alignment of foraminiferal SSU rDNA sequences (Habura et al. 2004b) in SEAVIEW (Galtier et al. 1996) , and adjusted to accommodate known regions of variable length in the SSU rRNA consensus structures. All unambiguously aligned positions were retained for phylogenetic analysis. The variable ''insert'' regions typical of foraminiferal SSU sequences are not included in the data set for the phylogenetic estimation, but sequence conservation within these regions was used as an independent check of clade assignment .
Bayesian analysis was conducted using MrBayes, version 3.1.1 (program release May 2005) (Huelsenbeck and Ronquist 2001) . We selected a GTR+I+G substitution model with six rate categories as suggested by Modeltest (Posada and Crandall 1998) . Markov chain Monte Carlo simulations were then run with two sets of four chains using the default (random tree) option, 3,000,000 generations, with trees sampled every 100 generations. The first 1,000,000 generations were discarded as burn-in. The remaining trees were used to generate a consensus tree.
Statistical analysis of library and phylogeny data-Clones
derived from the sequence screen were also used as a data set to estimate species accumulation curves for the study sites. The phylotypes established by sequence similarity were used as input for the program EstimateS, version 7.5 (Colwell 2005) . The Chao2 estimator was used to generate species accumulation curves for the clone libraries. Lineage-specific analysis and principal components analysis were performed using UniFrac (Lozupone and Knight 2005) as implemented on the University of Colorado's server at http://bmf.colorado.edu/unifrac. Individual sequences were designated by site and source material (cellular or environmental DNA). The root for the lineage analysis was designated at the polytomy that separates most of the allogromiid clades. Significance values for lineage-specific analysis were calculated by p-test with Bonferroni correction. All analyses were run with a sample size of 1,000.
Results
Initial sampling and morphological identification of allogromiids-The Florida Keys, which contain one of the world's most extensively studied reef systems, are subtropical with significant influence from the Caribbean via the Gulf Stream. The waters surrounding Long Key encompass several different environments. The waters of Florida Bay are shallow, mildly turbid, and often hypersaline because of evaporation. By contrast, the reef systems lying on the seaward side of this key are characterized by steady Gulf Stream currents and clear water. Lists of foraminiferal assemblages have been reported from these sites (e.g., Bock et al. 1971; Steinker et al. 1977; Fujita and Hallock 1999) ; only one allogromiid genus, Hyperammina, appears in these studies, although Iridia diaphana was also reported from seagrass beds in the area (Marszalek 1969) . In the present study, 11 substrate types, including coral rubble, algae, and seagrasses from the Tennessee Reef area and East Turtle Patch Reef and sediment and algae from Florida Bay, were sampled in September 2005.
The morphologically identifiable foraminiferal assemblages ( Fig. 1 ) differed considerably from sample to sample, even over short distances (,10 m). The fine carbonate sand collected from a water depth of 15 m on Tennessee Reef was home primarily to multichambered foraminiferans such as Discorbis rosea and Rosalina floridana. However, algal substrates on the reef usually harbored several different allogromiid morphotypes, only one of which (I. diaphana) had been previously reported. In general, different phytal substrates hosted different species. For example, seagrass substrates (5-7-m water depth) were populated with the multichambered species Planorbulina mediterranensis, Rosalina floridana, and Rotaliella sp. and also harbored abundant I. diaphana and a number of undescribed soft-bodied allogromiids that exhibited ''sheltering'' behavior (i.e., ''squatters'' of earlier reports ; Moodley 1990; . Live allogromiids were identified inside abandoned bryozoan and spirorbid shells and the empty tests of larger multilocular foraminiferans, within decayed spots on the seagrass blades, and underneath accretions of fine coral rubble. Avrainvillea, Halimeda, Sargassum, and Udotea spp. collected from 5-to 15-m water depth hosted an assemblage of multichambered foraminiferans similar to that found on the seagrasses, but the allogromiid assemblage included a large, encrusting agglutinated species with a maximum diameter of 0.5 cm and a long (.1 cm) Shepheardella-like form.
Sapelo Island is dominated by salt marshes with conditions similar to those found throughout the South Atlantic Bight (Wiegert and Freeman 1990) . Known species of allogromiids occur in elevated (attached to detrital shells or halophyte stalks) and epifaunal (sediment) microhabitats (Goldstein et al. 1995) . The occurrence of some allogromiid taxa may be habitat specific; for example, Cribrothalammina alba is common in low marsh habitats, especially in association with small algal patches Barker 1988, 1990) , and Psammophaga cf. P. simplora is very abundant in mudflats and tidal creeks. We sampled 17 locations, comprising high-, transitional-, and lowmarsh habitats and mudflats, in June 2005; eight sites were resampled in February 2006.
Species of Foraminifera previously reported from Sapelo Island were recovered during the present study. These include a number of mesohaline-tolerant multichambered foraminiferans, such as Ammonia tepida, Haynesina germanica, Miliammina fusca, Trochammina inflata, Arenoparella mexicana, and several Ammotium and Ammobaculites species, as well as allogromiids such as Psammophaga cf. P. simplora, Ovammina opaca, and Cribrothalammina alba. In addition to these known species, a large number of previously unidentified and morphologically distinct allogromiid foraminiferans were also recovered (see Fig. 2 ).
These included a number of spherical to elongate saccamminids that varied by shape, size, and the composition of agglutinated material as well as encrusting hemisphaeramminid-like species and a large, elongate, lightly agglutinated allogromiid with a flexible test. In many cases, the new allogromiids were present in abundance. For example, a sample taken from among Juncus roots contained many individuals of an ovoid ''silver saccamminid'' with an extended apertural neck but almost no other identifiable foraminiferans. Similarly, the flexible elongate species (Fig. 2K) was the most numerically abundant foraminiferan at a low-salinity mudflat site and was a prominent member of the morphological assemblage at other nearby sites. In contrast, only one possibly undescribed multilocular species, a member of the textulariid genus Ammobaculites, was found at any Sapelo Island locale.
Falmouth, Massachusetts, encompasses salt marsh environments with a wide range of salinities. Previous studies in this region and in nearby Atlantic waters (e.g., Cushman 1918; Phleger and Walton 1950; Scott and Leckie 1990) have collectively reported only three allogromiid species: Pseudothurammina limnetis, Webbinella sp., and Polysaccammina hyperhalina. Sampling for the present study was performed in Great and Little Sippewissett marshes in late July 2005 and early June 2006 and in Scarborough Marsh, Maine, in July 2006. Several foraminiferal species typical of the area, such as Elphidium williamsonii, Miliammina fusca, and Trochammina inflata, were identified. In addition, the allogromiid Cribrothalammina alba, originally described from Sapelo Island, was found in Little Sippewissett, as were several individuals of an undescribed small, spherical allogromiid. The Scarborough site yielded a large (,500 mm long), vase-shaped allogromiid.
SSU phylogeny of identified allogromiids-Individuals representative of newly identified allogromiid morphotypes were isolated and cleaned, and DNA was extracted for identification of SSU rDNA genes. Eighteen isolates yielded high-quality, homogeneous sequence data and were retained for further analysis. A phylogenetic analysis comparing the sequences from these new morphotypes with previously derived sequences from other foraminiferans (both allogromiids and multichambered species) is shown in Fig. 3 .
None of the new phylotypes are exact matches for known foraminiferal sequences; all differ by at least 5%, a figure typical of interspecies distances for Foraminifera (Pawlowski 2000) . In some cases, the molecular phylogenetic positions and morphological characters of some of the new isolates permit their assignment to known genera. For example, one of the novel foraminiferans is an organicwalled allogromiid with a flexible test and a strong preference for inhabiting enclosed environments such as abandoned Spirorbis shells (Fig. 1C,F) . On sequencing, this allogromiid was found to have a SSU sequence closely related to that of several members of the genus Allogromia, and we intend to formally assign it to this genus. However, other sequences, such as those derived from the Shepheardella-like species, are clearly foraminiferal but have no obvious relatives among the known foraminiferal sequences.
Sequence-based screening-In order to place these data in context with previous studies, environmental DNA extracts from each site (see Methods) were used to sample overall foraminiferal diversity. For each site, a pooled template was created using environmental DNA extracts from several samples. This mixed template was challenged with primers specific for all Foraminifera, and the resultant products were cloned and sequenced. One hundred clones for each site were analyzed; the Long Key pooled extract yielded 14 foraminiferal phylotypes, the Sapelo Island sample eight, and the Sippewissett sample 10. Approximately half the sequence types were represented by multiple clones. Sequence screens on individual sediment extracts, as opposed to the blended extracts, identified an additional seven phylotypes.
A phylogenetic placement of the new phylotypes, compared to the SSU rDNA sequences of previously described species of foraminiferans, is shown in Fig. 4 . The large majority of novel phylotypes branch as allogromiid taxa, with half of these falling within a well-supported clade that also contains the known ''Clade D'' foraminiferans, but some phylotypes do group with known members of multichambered taxa. For example, one Sippewissett phylotype appears to be derived from of a member of the Miliolida, and another may be a representative of the textulariid genus Ammobaculites. Some phylotypes match SSU rDNA sequences obtained from species that have been reported from the study sites. For example, SSU sequences that appear to derive from several members of the rotaliid genus Elphidium, which is common in salt marshes, were identified in the Sapelo and Sippewissett pooled samples. Interestingly, no phylotype was found at more than one of the three main study sites.
Species-specific detection of new species and phylotypesSpecies-specific PCR primers were designed against individual phylotypes obtained from the cell and environmental DNA isolates. These primers were then used to challenge a set of individual environmental DNA extracts from our study sites (Fig. 5) . The targeted primers successfully amplified the SSU rDNA of the corresponding phylotype from the environmental DNA extracts, but not all extracts from a given study site yielded product. For example, primers specific for the common Florida environmental phylotype Keys 10 produced product from an extract derived from a Tennessee Reef sediment sample but not from sediment samples from other reefs or mangrove stands in the area. Similarly, the primer set designed for the morphotype ''2005 gam foram,'' a Psammophaga-like Sapelo saccamminid whose sequence has also been identified in the Sapelo sediment screen, detected the presence of its target in a Duplin River mudflat sample but not in samples derived from Sapelo Island Spartina and Juncus stands. The distances between these locales are small (,3 km), and hydrological conditions do not provide any barriers to dispersal. Interestingly, no primer set ever detected its target in any sample that was not derived from its ''home'' site.
Estimated molecular species richness-Species accumulation curves for the three sites, based on Chao2 estimates, are shown in Fig. 6 . All three libraries are dominated by a relatively small number of phylotypes, and the Sapelo and Sippewissett species accumulation curves appear to reach saturation at fairly low numbers of sequenced clones. However, independent sequence-based screens of individual environmental DNA extracts, which were used as components of the Sapelo pooled extract, revealed the presence of additional phylotypes. Amplification with primers specific for individual allogromiid clades (not shown; Habura et al. unpubl.) further suggests the presence of foraminiferal phylotypes that were not detected in the sequence screen.
Discussion
Based on both morphologic and molecular data, we conclude that the abundance and diversity of allogromiids have been vastly underestimated in low-latitude, nearshore environments. Even in the calcification-friendly environment of a Florida coral reef, which supports a large number of conspicuous calcareous foraminiferans, allogromiids dominate sequence screens and constitute an abundant and diverse component of the morphological assemblage. Because we deliberately chose locales that have been intensively studied in the past, we predict that even higher percentages of undescribed taxa exist at other sites. Based on these results, taken together with those from previous studies, we also suggest that a substantial proportion-if not the majority-of global foraminiferal diversity is represented by allogromiid taxa.
Several factors could explain why previous analyses did not detect allogromiids in the abundances that we describe here. The most obvious is the relative conspicuousness of the groups. The distinctive chamber patterns of multichambered foraminiferans make them relatively easy to discern visually among other components of the benthos. Allogromiids have simple gross morphologies, and the agglutinated tests of many species can be difficult to distinguish from other accretions, such as fecal pellets. Some organic-walled species bear a superficial resemblance to other biotic components of the benthos, such as arthropod eggs. Indeed, even the authors of the present study, who specialize in allogromiids, were sometimes obliged to withhold identification until a cell was shown to be capable of producing reticulopodia (a feature unique to foraminiferans).
In addition, our observations confirm that many allogromiids take advantage of naturally occurring sheltering structures in the benthos. As we described previously, a Keys allogromiid was often found inhabiting the abandoned shells of the polychaete worm Spirorbis sp.; one individual was even found in an empty test from the much larger multichambered foraminiferan Sorites orbiculus. (In fact, the most efficient way to harvest this allogromiid is to remove a large number of abandoned shells from seagrass and incubate them in seawater until the foraminiferans emerge.) Other new allogromiids were found among empty bryozoan skeletons or sheltered within fibers of seagrasses or algae. Whether the greater flexibility of the soft-walled allogromiids makes it easier for them to exploit small sheltered crevices or whether soft-bodied species cannot survive in exposed areas in high-energy environments is not known.
Differences between morphological and culture-independent DNA detection-One of the most striking results of the molecular survey is the lack of overlap between sequences obtained from isolated individuals and sequences derived from environmental DNA-based searches. In the course of this study, we obtained sequence data for 18 new morphologically identified allogromiids, but only two of these sequences were also identified in an environmental screen despite the fact that the morphologically identified allogromiids sometimes appeared to be the most abundant foraminiferans in the assemblage. Further, the environmental phylotypes appear to be genuinely novel; sequence data have been deposited for most of the other allogromiids previously reported from our study sites, and the newly derived phylotypes are clearly distinct from any of these.
The sequences identified in environmental screens usually represent only the most common or easily amplified genotypes in the environment, as less abundant templates can easily be ''swamped'' in such analyses (see Bass and Cavalier-Smith 2004; Pedró s-Alió 2006) . The fact that we obtained additional sequences from individual environ- Fig. 3 . Phylogenetic analysis of isolated cells. Phylogenetic analysis of SSU rDNA sequences from 18 newly identified allogromiid species and 50 previously described taxa (48 foraminiferal sequences as well as two nonforaminiferal rhizarian sequences used as an out-group). New sequences are marked with symbols indicating site of origin. Because formal taxonomic mental DNA isolates (as opposed to the pooled samples) reinforces this contention. However, the fact remains that the most common identifiable allogromiids in a given environment are not the source of the most readily detected allogromiid DNA. Interestingly, the distribution of environmental DNA-derived sequences within the allogromiid radiation is also incongruent with the distribution of cellderived sequences. As shown in Fig. 4 and as described previously, much of the environmental signal is from Clade D allogromiids. In contrast, the morphologically identified allogromiids are scattered throughout the clades. While two of the new allogromiid morphotypes, the Keys ''orange long pods'' and the Sapelo ''Rod and Gun silver saccamminid,'' belong to Clade D by molecular criteria, neither was exceptionally common in its environment; indeed, only one individual of the Keys morphotype was identified.
In order to test the significance of this phylogenetic incongruence, we constructed a Bayesian phylogeny comprising all our novel sequences and a set of previously identified foraminiferal sequences (not shown). This phylogeny was used for UniFrac analysis (Lozupone and Knight 2005) in order to determine whether lineage-specific biases could be detected either between individual sample sites or in morphological species discovery methods as opposed to environmental DNA analyses. Principal components analysis of the data set (Fig. 7) showed that environmental DNA samples do not show significant lineage-specific commonalities with either the morphologically identified cells from the same locale or with one another. The only statistically significant pattern (p 5 1.56 3 10 212 ) is that Clade D allogromiids are strongly overrepresented in environmental samples as compared to cell-based samples.
Despite a dedicated search for allogromiid morphotypes in all these locations, we apparently failed to isolate the cells that correspond to the most common environmental phylotypes. What is the source of this morphologically cryptic signal? One possibility is that some allogromiids are present as small ''propagules'' (Alve and Goldstein 2003) but absent from the adult populations. We do not believe this to be an all-encompassing explanation, however. Size fractionation experiments (Habura et al. 2004a; Habura et al. unpubl.) have shown that at least some of the adult foraminiferal assemblage in a given area is self-recruiting, and some of our study sites were sampled multiple times and at different times of the year. In addition, the presence of Clade D signal seems to be constrained by the environment. Clade D amplimers are extremely common in environmental DNA-based studies of marine sites but not in freshwater sites or a seasonally anoxic marine basin (Bernhard et al. 2006) .
Environmental conditions would be expected to have a stronger effect on the composition of the adult assemblage than on the propagule bank. It seems more likely that many Clade D allogromiids are present in an environment as adults but are for some reason unusually difficult to detect morphologically. Alternatively, they may be present as small epi-or endobionts. In support of the latter hypothesis, size fractionation experiments suggest that some common allogromiid taxa may be physically smaller than the better-known multilocular species (125-500 mm).
Although in the present study we typically examined material as fine as ,63 mm, we may have failed to detect minute allogromiids that would have segregated into finer size classes. However, these results do not eliminate other possible factors, such as selective destruction of larger but delicate allogromiids during sieving. In order to determine the relative influence of these factors, we are undertaking a study to identify cells in situ in fixed sediment samples using Clade D and general foraminiferal SSU-rDNA-based probes. We hope to identify the life positions, morphologies, and approximate abundances of these elusive allogromiid foraminiferans.
The results of the present study also add a new dimension to the debate about the number and biogeography of microbial species. A common criticism of environmental DNA-based studies (e.g., Fenchel and Finlay 2006) is that ''new'' phylotypes may actually represent species that have already been described morphologically but have never been sequenced. In the case of the allogromiid foraminiferans we describe, this is clearly not true. Despite the fact that we were able to identify a large number of new morphotypes and to obtain matching sequence data, our environmental isolates were almost completely distinct from the new morphotypes or from any other allogromiids known from these environments.
Allogromiid taxa are generally not cosmopolitan-If the allogromiid groups consisted of relatively few but strongly eurytopic species, then we would expect to find the same species in most or all of our sample sites. Surprisingly, allogromiids seem to be more sensitive to slight environmental variation than are the multichambered foraminiferans. For example, Miliammina fusca and Trochammina inflata were identified morphologically in almost all the samples from both Sippewissett and Sapelo Island, and Rosalina floridana was similarly ubiquitous in Long Key samples. No allogromiid foraminiferan in this study was observed to have such a wide range. A very small number of allogromiid species were identified by morphological criteria in more than one site; for example, the salt marsh r descriptions of these species have not yet been published, new taxa are indicated here by the use of informal descriptive labels, shown in quotation marks. The positions of the previously described foraminiferal clades are indicated. Some clades (e.g., Clade E) are not recovered in this analysis, but sequence comparison of a diagnostic variable region of the SSU indicates that some of the new species are related to previously described species within these clades. Bayesian analysis, 489 positions, posterior probabilities shown for nodes where value .80. Basal branch connecting foraminiferal clade to the out-group is shown at 1/10 actual length.
species Cribrothalammina alba was found at several locales on Sapelo Island and in the Little Sippewissett Marsh. Molecular analyses yielded a similar result: individual allogromiid phylotypes were patchily distributed, and none were shared among our study sites.
It is much more common to find related but distinct species inhabiting different locales. In the course of this study, we identified two new members of the genus Allogromia, one from Sippewissett and one from Long Key. These species join two previously identified members of the genus, which were isolated from sites on the U.S.
East Coast in the mid-20th century (Arnold 1955; Lee and Pierce 1963) . The four species show differences in SSU rDNA sequence and in the details of morphology but have similar gross morphology and share behavioral features such as ''squatting'' in abandoned shells (this report and Arnold 1955). Interestingly, another study (Grimm et al. 2007 ) reported a similar but not identical sequence that was derived from a multilocular foraminiferal test collected in Sagami Bay, Japan; this may represent yet another species in the genus that exhibits ''squatting'' behavior. Based on the observed diversity of allogromiids at our study sites, we conclude that allogromiid species are usually quite specialized for their niches, at least to the same extent that multilocular foraminiferans are. We expect that future searches worldwide will continue to uncover scores of new taxa rather than a limited suite of habitat generalists.
Implications for foraminiferal evolution and ecology and for the reconstruction of paleoenvironments-Our results suggest that the majority of living foraminiferans may be allogromiids. If this is true, then the abundance of foraminiferans has been consistently underestimated in modern oceans. Although the techniques used here do not permit accurate quantitation of foraminiferal biomass, we can use the environmental DNA results as an estimator of r Fig. 4 . Phylogeny of environmental DNA sequences. Phylogenetic placement of sequences identified in environmental DNA analysis of sediments from the three main study sites. The 38 novel phylotypes are analyzed with the 50 reference taxa used for Fig. 3 . Bayesian analysis, 489 positions, posterior probabilities shown for nodes where value .80. Basal branch connecting foraminiferal clade to the out-group is shown at 1/10 actual length. Inset: Recovered environmental clones, by clade, as inferred from phylogenetic placement and comparison of diagnostic variable region. Number of phylotypes in each set of sequences is indicated; size of wedge is proportional to the number of clones. Fourteen phylotypes (comprising almost half of the clones recovered) are ''Clade D allogromiids.'' Allogromiid phylotypes make up the majority of clones detected; the remainder are textulariids, rotaliids, and miliolids. U 5 allogromiid sequences that cannot be confidently assigned to any clade. This approach can be used to approximate the total foraminiferal abundance at sites where only multilocular taxa were identified. For example, a study of a continental shelf site off the coast of France (Duchemin et al. 2005) found densities of living multilocular foraminiferans to be between 8 and 36 individuals cm 23 in the top centimeter of the sediment. However, the method used was trichloroethylene float, which excludes allogromiids (reviewed in Gooday et al. 1996) . If approximately 80% of the total foraminiferal population at any given site consists of allogromiids, as suggested by our results and by previous studies, then the probable total living assemblage in this shelf system contains between 40 and 180 individuals cm 23 . This estimate is interesting because foraminiferal reticulopodial networks, which have been conservatively estimated to extend throughout a sphere at least twice the diameter of the organism's test (Travis and Bowser 1991) , aggregate and stabilize muddy sediments (Nyholm and Gertz 1973) . Assuming a relatively small average test diameter of 125 mm, we infer that up to a third of the top portion of the sediment is being actively worked by foraminiferal reticulopodia at any given time. Likewise, phytal surfaces and other hard substrates are probably regularly scoured by reticulopodia. Because foraminiferal reticulopodia are capable of rending even small metazoans and bacterial mats (Bernhard and Bowser 1993) , the presence of high numbers of these efficient single-celled predators has implications for survivorship of other inhabitants of the benthos, such as nematodes and juvenile crustaceans.
Finally, this estimate of foraminiferal abundance should apply to ancient benthic environments as well as modern ones. Allogromiids were the earliest-evolving foraminiferans , so they have likely been prominent members of benthic communities throughout the Phanerozoic and possibly earlier. Because the soft allogromiid tests are relatively poor candidates for fossilization when compared to the mineralized tests of their multilocular relatives, counts of fossil assemblages probably underestimate allogromiid abundance to an even greater degree than do analyses of modern samples. We conclude that there remains much to learn about foraminiferal species richness and abundance.
